Although the central branches of the dorsal root ganglion (DRG) sensory neurons do not spontaneously regenerate, a conditioning peripheral injury can promote their regeneration. A potential role of macrophages in axonal regeneration was proposed, but it has not been critically addressed whether macrophages play an essential role in the conditioning injury model. After sciatic nerve injury (SNI) in rats, the number of macrophages in DRGs gradually increased by day 7. The increase persisted up to 28 d and was accompanied by upregulation of inflammatory mediators, including oncomodulin. A macrophage deactivator, minocycline, reduced the macrophage number and expressions of the inflammatory mediators. Molecular signatures of conditioning effects were abrogated by minocycline, and enhanced regenerative capacity was substantially attenuated both in vitro and in vivo. Delayed minocycline infusion abrogated the SNI-induced long-lasting heightened neurite outgrowth potential, indicating a role for macrophages in the maintenance of regenerative capacity. Intraganglionic cAMP injection also resulted in an increase in macrophages, and minocycline abolished the cAMP effect on neurite outgrowth. However, conditioned media (CM) from macrophages treated with cAMP did not exhibit neurite growth-promoting activity. In contrast, CM from neuron-macrophage cocultures treated with cAMP promoted neurite outgrowth greatly, highlighting a requirement for neuron-macrophage interactions for the induction of a proregenerative macrophage phenotype. The growth-promoting activity in the CM was profoundly attenuated by an oncomodulin neutralizing antibody. These results suggest that the neuron-macrophage interactions involved in eliciting a proregenerative phenotype in macrophages may be a novel target to induce long-lasting regenerative processes after axonal injuries in the CNS.
Introduction
Traumatic spinal cord injury (SCI) disrupts axonal connections between the brain and the spinal motor centers. In general, functional recovery after SCI is limited primarily because of a lack of spontaneous axonal regeneration in the CNS (Schwab, 2002; Cafferty et al., 2008) . However, there are a few conditions in which CNS axon regeneration can be achieved with relatively simple manipulations. The most representative example is the finding that the regeneration of dorsal root ganglion (DRG) sensory axons through injured spinal cord is enhanced if a conditioning injury of peripheral branches is performed several days before the central lesion (Richardson and Issa, 1984; Neumann and Woolf, 1999) . A more recent study demonstrated that DRG neurons acquire an enhanced regenerative phenotype even when the conditioning injury is performed after the central lesion and, more interestingly, that the conditioning effects can persist for as long as several months (Ylera et al., 2009) . Although cAMP and other molecules have been proposed as key mediators of the conditioning effects (Cafferty et al., 2001 Cai et al., 2002; Qiu et al., 2005; Zou et al., 2009; Hollis and Zou, 2012 ), the precise mechanism of enhanced axon regeneration by conditioning injury and, in particular, the mechanisms mediating long-term maintenance of the conditioning effects remain elusive.
Another example of successful CNS axon regeneration is optic nerve regeneration after lens injury (Leon et al., 2000) . In this model, the lens injury induces macrophage infiltration into the retina and macrophage-derived inflammatory factors are thought to enhance the regenerative capacity of retinal ganglion cell axons (Yin et al., 2003) . Oncomodulin has been identified as a principal macrophage-derived molecule to mediate axon regeneration (Yin et al., 2006) , although in vivo requirement of oncomodulin or macrophages for the lens injury-induced enhancement of axon regeneration is under debate (Hauk et al., 2008; Yin et al., 2009) . Intriguingly, the possibility of involvement of inflammatory reactions in the conditioning effects of peripheral nerve lesion on DRG sensory neurons has also been suggested. Peripheral nerve injury induces an increase in the number of inflammatory cells, including macrophages in DRGs (Lu and Richardson, 1993) . Triggering inflammation close to DRG cell bodies enhances axon regeneration after dorsal root crush injury (Lu and Richardson, 1991; Steinmetz et al., 2005) . However, the extent to which macrophages and inflammatory reactions play mechanistic roles in conditioning injury-induced enhancement of axon regeneration capacity in DRG neurons has not been critically addressed. Hence, the present study tested the hypothesis that macrophages and inflammatory reactions contribute to enhanced DRG sensory axon regeneration by conditioning peripheral nerve injury. The results in this study indicated that macrophages and inflammatory reactions in DRGs play essential roles in maintaining conditioning-or cAMP-induced enhanced regenerative capacity. Furthermore, we provide evidence that neuron-macrophage interactions are required for acquisition of a proregenerative phenotype in macrophages.
Materials and Methods
Animals and surgical procedures. Adult female Sprague Dawley rats (250 -300 g) were used in this study. All animal protocols were approved by the Institutional Animal Care and Use Committee of Ajou University School of Medicine. Animals were anesthetized with chloral hydrate (400 mg/kg, i.p.) during all of the surgical procedures. Sciatic nerve injury (SNI) was performed by transecting the right sciatic nerve 1, 3, and 7 d before fixation (immunofluorescence staining) or removal of DRGs (neurite outgrowth assays) or 7 d before spinal cord dorsal hemisection (in vivo regeneration assays). Briefly, a primary longitudinal cut was made in the skin overlying the femur of the right hindlimb. After the thigh muscles were exposed, surgical scissors with a blunt tip were inserted between the muscles to expose the sciatic nerve. The sciatic nerve was ligated proximal to its trifurcation and cut below the ligation site with fine surgical scissors. To create a dorsal column lesion in the spinal cord, a dorsal laminectomy was performed at the T9 level to expose the thoracic spinal cord. After the dura was opened with a midline incision, bilateral dorsal columns with adjacent lateral columns were cut out with iridectomy scissors inserted to a depth of ϳ1.5 mm. To ensure complete disruption of the dorsal column, a vacuum suction was applied to remove tissue debris remnants, and a hollow space was created between the proximal and distal lesion border. A small piece of Gelfoam pledget was temporarily placed over the lesion site to prevent bleeding. The overlying muscles and fascia were sutured in layer, and the skin was stapled. For visualization of regenerating dorsal column axons, 2 l (0.1% in PBS) of unconjugated cholera toxin subunit B (CTB; List Biological Laboratories) was injected into the proximal stump of the transected sciatic nerve 3 d before the animals were killed. For intraganglionic injection of the cAMP analog dibutyrylcAMP (db-cAMP; Calbiochem), the L5 dorsal lamina was removed, and 2 l of db-cAMP (100 mM in PBS) was injected into the L5 DRG at a rate of 0.5 l/min using a Hamilton syringe configured with a micropipette.
In vivo minocycline administration. Minocycline was administered to DRGs using Alzet osmotic minipumps (Durect) inserted intrathecally at the time of SNI. The polyethylene tubing (PE-10) was advanced below the L6/S1 vertebral bone on the right side. The catheter was slightly heated so that it could be bent to position the tubing tip exactly at the L5 DRG. The catheter position was secured with sutures tied to L6/S1 bone. The osmotic minipump was also sutured to the paravertebral muscle. The exact positioning of the tubing tip was confirmed at the time the animals were killed. The pumps delivered minocycline (50 g/l; Sigma) or PBS (to control for catheter-related variables) at a rate of 1 l/h continuously for 7 d. A pilot experiment found a concentration of 50 g/l minocycline to be the most effective in suppressing macrophage infiltration without toxicity. In a separate set of experiments, macrophages were deactivated between 21 and 28 d after SNI, and minocycline pumps were installed on day 21 after SNI.
Tissue processing and immunohistochemistry. Rats were anesthetized with an overdose of chloral hydrate and perfused with heparinized PBS, followed by 4% paraformaldehyde (PFA) in 0.2 M phosphate buffer. DRGs or spinal cord tissues containing the lesion site were dissected and postfixed in 4% PFA for 2 h, followed by cryoprotection in a graded series of sucrose solutions. DRGs were cryosectioned at 20 m thickness. For spinal cord tissue, parasagittal cryosections (at 20 m thickness) were Figure 1 . SNI increased the number of macrophages in the DRGs. A-E, Immunohistochemical detection of Iba1 expression in DRG sections. SNI was inflicted, and ipsilateral L4 and L5 DRGs were obtained at 3 (B), 7 (C), 14 (D), and 28 (E) d after SNI. The number of Iba1-positive macrophages was compared with that in control (CTL) DRGs from a sham operation (A). C, The inset shows a DRG neuron (green, stained with anti-neurofilament antibody) surrounded by Iba1-positive macrophages (red). F, Another macrophage marker, ED1, showed a similar level of expression at 7 d after SNI. G, Quantification graph of the number of Iba1-positive macrophages per 0.1 mm 2 of DRG tissue. A red line was drawn to illustrate the temporal pattern of the SNI-induced macrophage increase. A green bar in the graph (G) represents the mean number of macrophages in the DRGs at 7 d after an injury to the central branch [rhizotomy (RZ)]. **p Ͻ 0.01 and ***p Ͻ 0.001 by one-way ANOVA, followed by Tukey's post hoc analysis. n ϭ 3-5 animals for each group. H, DRG sections obtained at 7 d after rhizotomy were immunostained with Iba1 antibody. In contrast to the peripheral SNI, rhizotomy did not increase macrophage number. Scale bars, 50 m. made in a 1:10 series. Tissue sections were mounted onto Super Frost plus slides (Thermo Fisher Scientific) and stored at Ϫ20°C until use. For immunohistochemistry, tissue sections were treated with 10% normal goat serum and 0.3% Triton X-100 for 1 h, and then the primary antibodies, dissolved in the same blocking solution, were applied at 4°C overnight. The primary antibodies were mouse anti-ED1 (1:500; Serotec), rabbit anti-Iba1 (1:500; Wako Chemicals), rabbit anti-GAP-43 (1: 500; Millipore), mouse anti-Pan neurofilament (1:400; Covance), and goat anti-CTB antibodies (1:10,000; List Biological Laboratories). Tissue sections were washed thoroughly and then incubated with appropriate secondary antibodies tagged with Alexa Fluor 488 or 594 (1:500; Invitrogen) for 1 h at room temperature. For visualization of the CTB tracing signal, biotinylated anti-goat IgGs (Vector Laboratories) were applied after primary antibody incubation, and then spinal cord tissue sections were incubated with Alexa Fluor 594 streptavidin conjugates (Invitrogen). The coverslips were mounted onto slides with glycerol-based mounting medium (Biomeda). The images were taken using a FV 300 confocal microscope (Olympus Optical).
Quantitative RT-PCR. Total RNAs were extracted from DRGs using Trizol (Invitrogen) according to the protocol of the manufacturer. The amount of RNA was determined using spectroscopy at 260 nm. Two micrograms of RNA were reverse transcribed to cDNA using a standard RT protocol. One microliter of cDNA was added to PCR reaction premix (GenDEPOT) with 10 pM corresponding primer pairs. The following primers were used for PCR: 18S rRNA, 5Ј-CGGCTACCACATCCAAGGAA-3Ј (forward) and 5Ј-TGCTGGCACCAGACTTGCCC TC-3Ј (reverse); IL-6, 5Ј-ATATGTTCTCAGGG AGATCTTGGAA-3Ј(forward)and5Ј-GTGCAT CATCGCTGTTCATACA-3Ј (reverse); IL-1␤, 5Ј-TCTGTGACTCGTGGGATGAT-3Ј (forward) and 5Ј-GGCAGCCTTGTCCCTTGA-3Ј (reverse); TNF-␣, 5Ј-GCCACCACGCTCTTCT GT-3Ј (forward) and 5Ј-GGCAGCCTTGTCCC TTGA-3Ј (reverse); leukemia inhibitory factor (LIF), 5Ј-TCAACTGGCTCAACTCAACG-3Ј (forward) and 5Ј-ACCATCCGATACAGCTCG AC-3Ј (reverse); ciliary neurotrophic factor (CNTF), 5Ј-CACCCCAACTGAAGGTGACT-3Ј (forward) and 5Ј-ACCTTCAAGCCCCATAGC TT-3Ј (reverse); oncomodulin, 5Ј-AGGCGTGA CTGCAGAAGAAT-3Ј (forward) and 5Ј-ACTT GGCTGGCAGACATCTT-3Ј (reverse); BDNF, 5Ј-GGGTGAAACAAAGTGGCTGT-3Ј (forward) and 5Ј-ATGTTGTCAAACGGCACA AA-3Ј (reverse); neurotrophin-3 (NT-3), 5Ј-GA TCCAGGCGGATATCTTGA-3Ј (forward) and 5Ј-AGCGTCTCTGTTGCCGTAGT-3Ј (reverse); and NGF, 5Ј-CCTGCCAGAGTCCTTT TCTG-3Ј (forward) and 5Ј-GGTTCAGGCCAC AAAGTGTT-3Ј (reverse). Quantitative realtime PCR was performed according to the protocol supplied by the Applied Biosystems SYBR Green PCR kit using the 7500 Real-Time PCR System (Applied Biosystems). Cycling conditions were 94°C for 30 s, 55-64°C for 31 s, and 72°C for 60 s with a total of 34 cycles. Melting curves were generated after the last extension step, and the cycle threshold values were quantified by the Applied Biosystems 7500 software. Target gene expression was normalized in relation to expression of 18S rRNA as an internal control.
Magnetic-activated cell sorting for isolation of macrophages. SNI was inflicted, and, 7 d after injury, animals were anesthetized with chloral hydrate and perfused intracardially with cold PBS. L4 and L5 DRGs ipsilateral to the injury site were dissociated in DMEM (HyClone). Cells were centrifuged at 1500 rpm for 3 min at 4°C and washed with magnetic-activated cell sorting (MACS) buffer (0.5% BSA, 2 mM EDTA containing PBS without divalent ions, pH 7.2). Cell suspensions were incubated for 15 min on ice with biotin-conjugated primary antibodies against CD68 (1:100; Abcam), which is found in the cytoplasmic granules of the cells in the macrophage lineage, and then incubated with avidinconjugated microbeads (Miltenyi Biotec) for 10 min on ice. Then, cell suspensions were allowed to flow through the minicolumn of the MACS Cell Separation kit (Miltenyi Biotec). The flow-through was collected as CD68-negative cells. Unbound cells remaining in the column were washed again with MACS buffer and collected as the second negative fraction. CD68-positive cells adsorbed to the minicolumn were separated using 500 l of elution buffer. A second round of elution was performed Red lines were drawn to emphasize temporal patterns of gene expression changes. n ϭ 4 animals for each time point. *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001 compared with control values by one-way ANOVA, followed by Tukey's post hoc analysis. G, Representative images of electrophoresed RT-PCR products. 18S rRNA was used as an internal reference. F, Representative RT-PCR analysis of inflammatory gene expression from DRG cell fractions separated by MACS. L4 and L5 DRGs ipsilateral to the SNI site were freshly dissected at 7 d and dissociated. CD68-positive macrophages were isolated in the P-1 (first) and P-2 (second) fractions. CD68-negative cells were collected in the N-1 (first) and N-2 (second) fractions. MAP2 gene expression was examined to verify the presence of neuronal cells in the CD68-negative fractions (N-1 and N-2). IL-6 and LIF mRNA were found only in the CD68-positive fraction. Two independent experiments showed similar results.
to collect the remaining CD68 cells and labeled as the second positive fraction. The second positive and negative fractions were used as controls to demonstrate effective cellular separation using the MACS system. Total RNA was extracted from each fraction using the methods described above.
ELISA. L4 and L5 DRGs were dissected and lysed, and cAMP was measured immediately using a cAMP enzyme immunoassay kit (Assay Designs), according to the protocol of the manufacturer. In each well, 100 l of DRG lysate at a concentration of 20 g/l was used. Each experiment was performed in triplicate and repeated three times. Concentration of oncomodulin in the conditioned medium (CM) was measured using an ELISA kit for rat oncomodulin (catalog #MBS908312; Mybiosource), according to the protocol of the manufacturer. One hundred microliters of CM were used in each well. Three cultures were performed to collect CM for each condition, and each CM was measured in triplicate.
Primary culture of dissociated adult DRG neurons. Adult DRGs at the fourth and fifth lumbar spinal cord were freshly dissected and treated with 125 U/ml type XI collagenase (Sigma) dissolved in DMEM (HyClone) for 90 min at 37°C with gentle rotation. After washing five times with DMEM, the cells were dissociated by trituration using a pipette tip and centrifuged at 1500 rpm for 3 min. Cell pellets were resuspended in Neurobasal-A (Invitrogen) supplemented with B-27 (Invitrogen) and plated onto eight-well culture slides (BD Biosciences) precoated with 0.01% poly-D-lysine (Sigma) and 3 g/ml laminin (Invitrogen). It has been reported that the extent of neurite outgrowth from dissociated rat DRG sensory neurons is minimal for the initial 18 h in culture . In our experiments, the culture duration was strictly confined to 15 h to minimize neurite outgrowth in control conditions (without conditioning injury). Neurite outgrowth was visualized by immunostaining with mouse anti-␤III-tubulin (1:1000; Promega), followed by Alexa Fluor 594-conjugated anti-mouse secondary antibody.
Primary macrophage culture and neuron-macrophage coculture. Adult female Sprague Dawley rats (250 -300 g) were anesthetized with an overdose of chloral hydrate. Immediately after killing the animals by a cervical dislocation, peritoneal macrophages were harvested by intraperitoneal lavage with 50 ml of ice-cold PBS. The lavage fluid was centrifuged at 1500 rpm for 10 min at 4°C to pellet the cells. The cell pellets were resuspended in 5 ml of red blood cell (RBC) lysis buffer (Qiagen) for 3 min at room temperature and then washed three times using PBS. After the final wash, the cells were resuspended in RPMI-1640 (HyClone) supplemented with 10% fetal bovine serum (FBS), plated onto a 100 mm culture dish (BD Biosciences) precoated with 0.01% poly-D-lysine (Sigma), and maintained at 37°C in a humidified incubator with 5% CO 2 . Four hours after plating, the cultured macrophages were treated with db-cAMP (100 M) or zymosan (12.5 g/ml) with or without minocycline (10 g/l) for 24 h. Then, the culture medium was replaced with fresh DMEM supplemented with B-27 (Invitrogen). The cultures were maintained for 72 h without changing the medium, and the CM was collected, centrifuged at 1500 rpm for 5 min, and passed through a 0.2 m filter (BD Biosciences) to remove any remaining cellular debris. Primary dissociated DRG neuron cultures were established as described above and maintained in culture for 2 h to allow for attachment to the culture dishes. Then, the medium was replaced with the collected CM. After 15 h in culture, the cells were fixed and immunostained for ␤III-tubulin to visualize neurite outgrowth. For the neuron-macrophage coculture condition, neurons were incubated with DMEM (Invitrogen) supplemented with B-27 (Invitrogen) for 4 h. After incubation, peritoneal macrophages were plated on top of neurons at a ratio of 1:5 (neurons/macrophages), followed by treatment with various manipulations 4 h after macrophage plating. The CM was collected as described above. Neuron-macrophage cocultures using cell culture inserts were performed by plating the neurons onto six-well plates first, followed by plating peritoneal macrophages on cell culture inserts (BD Biosciences) 4 h later. To neutralize the potential activities of IL-6, LIF, and oncomodulin in the collected CM, IL-6 (20 g/ml; R&D Systems), LIF (20 g/ml; R&D Systems), or oncomodulin (20 g/ml; kindly provided by Dr. Benowitz, Harvard University, Boston, MA) neutralizing antibodies were added. Control cultures were treated with the same amount of goat or rabbit IgG (R&D Systems).
Quantification of neurite outgrowth in culture, and macrophage cell number and axon regeneration in vivo. For the neurite outgrowth assays, the mean neurite length per neuron was measured to compare the extent of neurite outgrowth between different experimental conditions. Neurite length was measured using the Neuron J plugin for the image analysis software suite NIH Image J (publicly available from http://rsbweb.nih. gov/ij/index.html). This program facilitates tracing and quantification of elongated structures. Each experimental condition was replicated in four wells per culture. Each well was divided into four quadrants, and a 200ϫ magnification image was obtained at the center of each quadrant (four images in each well). Neurites were traced for all neurons in each image, and the number of DRG neurons per image was counted. There were ϳ20 neurons per image, and, therefore ϳ80 neurons were measured for each well. The average neurite length per neuron in each well was calculated by dividing the total neurite length from ϳ80 neurons by the number of neurons. The values from the four wells were averaged for each culture, and average group values for neurite length per neuron were obtained by averaging values from three to four independent cultures.
To quantify macrophage infiltration into DRGs, the number of macrophages in DRGs was quantified in images of Iba1 immunostained tissue sections taken at 200ϫ magnification. Macrophages were counted in four images per animal, and the total numbers were divided by the area of the imaged DRG to obtain the macrophage counts per unit area. When an Iba1-positive macrophage was positioned close to a neurofilamentpositive DRG neuron without appreciable background signals between the two cells, the macrophage was regarded as being physically associated with the neuron. The number of macrophages showing the physical association was divided by the total number of macrophages in the same image to obtain the percentage of macrophages associated with DRG neurons.
To quantify the extent of dorsal column axon growth after injury, every 10th parasagittal spinal cord section (200 m intersection interval) containing CTB tracing signals was used for analysis. Images of CTB staining were captured from 5 mm caudal to 5 mm rostral to the lesion site. After the caudal lesion border was identified using GFAP staining, lines perpendicular to the longitudinal axis were drawn at 100 m intervals from the lower lesion border to delineate counting blocks, with blocks named according to their shortest distance to the lesion border (for example, the number of axons between ϩ100 and ϩ200 was recorded as the value in the ϩ100 block). The number of CTB positive axons between successive lines was counted and recorded as the number , and NGF (C). DRG samples were obtained before [control (CTL)] and 1, 3, and 7 d after SNI. Red lines were drawn to emphasize the temporal gene expression pattern that was very similar to that of inflammatory mediators (see Fig. 2 ). n ϭ 3-5 animals for each time point. *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001 compared with control values by one-way ANOVA, followed by Tukey's post hoc analysis.
of axons in the block. The values were averaged from the sections with visible axons in each animal. In addition, the longest distance of regenerating axons beyond the caudal lesion border was recorded for each animal.
Statistical analyses. All values are expressed as mean Ϯ SEM. Statistical comparison of mean values was performed using one-way ANOVA, followed by Tukey's post hoc tests. Repeated-measures two-way ANOVA was used to compare the axon number at different distances from the epicenter. Quantification graphs were generated using Prism version 5.00 (GraphPad Software).
Results

Macrophages and inflammatory cytokines in DRGs after SNI
We examined whether the number of macrophages in DRGs increases after transection of the sciatic nerve (conditioning injury). In control DRGs without any injury, ϳ30 Iba1-positive macrophages per 0.1 mm 2 were found close to the sensory neurons (Fig. 1A) . At 1 d after SNI, there was no change in the number of macrophages (data not shown). Appreciable changes were noted by 3 d after SNI, when an average of 95 Ϯ 8.0 macrophages were counted (Fig. 1 B, G) . At 7 d, the number of macrophages sharply increased by 10-fold compared with control DRGs (Fig. 1C,G) . Sensory neurons were frequently found to be encircled by surrounding macrophages (Fig. 1C, inset) , suggesting intimate neuron-macrophage interactions. The increases in the number of macrophages persisted without significant reduction at least until day 28, the last time point examined (Fig.  1 D, E,G) . The dramatic increase of macrophage number by SNI was also confirmed using a different macrophage marker, ED1 (CD68) (Fig. 1F ) . Although an injury to the peripheral branches primes sensory neurons for enhanced axon regeneration, a similar injury to the central branches does not invoke a proregenerative response (Schreyer and Skene, 1993; Chong et al., 1994) . Based on this, we reasoned that, if macrophage activation is related to conditioning effects, an injury to the central branches would not entail changes in macrophages. To test this, we performed an L5 dorsal rhizotomy and then examined the DRGs at 7 d after the injury to the central branch. In accordance with our expectations, the number of macrophages was significantly smaller than that after SNI and not significantly different from that in control DRGs (Fig. 1G,H ) .
We also tested whether the SNI-induced macrophage activation was accompanied by increased expression of inflammatory mediators. The gene expression of IL-6 and LIF, the members of the neuropoietic cytokine family known to be associated with sensory axon regeneration (Cafferty et al., 2001 Cao et al., 2006) , increased with a time course similar to that of the increase in macrophage number (Fig. 2 A, B,G) . The level of IL-6 mRNAs showed a modest increase at 1 d but began to show a prominent change at 3 d, reaching its maximum at 7 d (Fig. 2 A, G) . The expression of LIF showed a very similar pattern to that of IL-6 (Fig. 2 B, G) . However, another member of the neuropoietic cytokine family, CNTF, did not show any appreciable change (Fig.  2C,G) . We also examined the expression of the proinflammatory cytokines IL-1␤ and TNF-␣, recently associated with peripheral nerve regeneration (Nadeau et al., 2011) , and found increased expressions with a similar time course to that of IL-6 and LIF (Fig.  2E-G) . More importantly, we observed an increased mRNA level of oncomodulin (Fig. 2 D, G) , which was identified as a macrophage-derived molecule sufficient to enhance optic nerve regeneration (Yin et al., 2006) . The mRNA level of oncomodulin was three times that in control DRGs at 7 d, when the number of macrophages peaked. To determine cellular sources of the inflammatory cytokines, CD68-positive macrophages were separated by MACS from dissociated DRG cells obtained at 7 d after SNI. As expected, CD68 mRNA expression was selectively observed in the CD68-positive fraction. In contrast, the neuronspecific marker MAP2 was expressed exclusively in the CD68-negative fraction (Fig. 2F ) , indicating that the macrophages were successfully separated from the neuronal population. IL-6 and LIF mRNA expression was detected exclusively in the CD68-positive fraction but not in the negative fraction, indicating that the primary source of the IL-6 and LIF production after SNI was the macrophages.
Macrophages can produce neurotrophins (Barouch et al., 2001) , and it has been suggested that macrophage-derived neurotrophins contribute to sciatic nerve regeneration (Barrette et al., 2008) . Therefore, we also examined the expression of neurotrophin mRNAs. BDNF and NT-3 gene expression gradually increased after SNI with a peak at 7 d (Fig. 3 A, B) , showing a similar time course to those of inflammatory mediators. The increase in NGF expression peaked at 3 d and maintained at 7 d after SNI (Fig. 3C) . . Minocycline (50 g/l) or PBS was infused intrathecally for 7 d onto the L5 DRG using a small catheter connected to an osmotic minipump. This concentration of minocycline did not reduce the number of neurofilament-positive neurons or GFAP-positive satellite cells (data not shown). As expected, PBS infusion failed to affect the SNI-induced increase in macrophage number at 7 d after injury (Fig. 4 A, B) . In contrast, the minocycline infusion decreased the macrophage numbers by Ͼ50% (Fig. 4C,D) . Minocycline also affected the extent of physical contacts between macrophages and DRG neurons (Fig. 1C, inset) . After SNI, the majority of macrophages (75.5 Ϯ 1.4%) were found to contact DRG neurons (Fig. 4B, inset) . Minocycline infusion reduced the percentage of macrophages abutting neurons to 35.8 Ϯ 1.2% (Fig. 4C, inset) , which was essentially the same as that in control DRGs (without SNI, 35.4 Ϯ 1.7%; Fig. 4A, inset) . Macrophage activation in the sciatic nerve and spinal cord at the lesion site was examined to see whether the minocycline infusion influenced macrophages only in the DRGs without distant effects. We found that the density of Iba1-positive macrophages was not different between the PBS and minocycline infusion groups in these regions ( Fig. 4E-H ) . We also examined whether minocycline reduced the expression of inflammatory mediators. Minocycline infusion almost completely abolished the SNI-induced increases in IL-6 and LIF mRNA levels (Fig. 4I-K ) . Furthermore, the level . n ϭ 3 independent experiments for neurite outgrowth assays, and n ϭ 4 animals per group for GAP-43 neuron counting. I, ELISA of cAMP levels in DRGs obtained at 7 d after injury. n ϭ 4 animals per group. **p Ͻ 0.01 and ***p Ͻ 0.001 by one-way ANOVA, followed by Tukey's post hoc analysis. C, E, F, H, I ). Dotted white lines represent distal lesion borders determined by GFAP immunostaining. J, A quantification graph of the mean longest axon length beyond the caudal lesion borders. **p Ͻ 0.01 and ***p Ͻ 0.001 by one-way ANOVA, followed by Tukey's post hoc analysis. K, A quantification graph of CTB-positive axon numbers at different distances from the epicenter. ***p Ͻ 0.001 by post hoc one-way ANOVA at each distance point. n ϭ 6 for each group for J and K analyses.
Minocycline infusion to the DRG effectively reduced the macrophage number and expression of inflammatory mediators
of oncomodulin mRNA returned to baseline after minocycline infusion (Fig. 4 I, L) .
Minocycline significantly attenuated the conditioning effects of SNI
In the next set of experiments, we examined whether minocycline infusion affected the enhanced regenerative capacity of sensory neurons after preconditioning SNI. The sciatic nerve was transected, and either minocycline or PBS was infused onto the ipsilateral L5 DRG for 7 d. Then, the L5 DRGs were freshly dissected and dissociated for neurite outgrowth assays. Most of the cultured DRG neurons without preconditioning SNI did not grow neurites by 15 h in culture (Fig. 5A) . However, DRG neurons dissected 7 d after SNI grew numerous and elongated neurites within the same 15 h culture period (Fig. 5 B, G) . This enhanced neurite outgrowth by SNI was almost completely abolished by minocycline infusion (Fig. 5C,G) . The minocycline-induced decrease in neurite growing capacity was accompanied by reduced levels of a regeneration associated protein, GAP-43 (Benowitz and Routtenberg, 1997) . GAP-43 protein expression was significantly increased at 7 d after SNI (Fig. 5 D, E,H ), but minocycline abolished the SNI-induced GAP-43 expression (Fig. 5 F, H ). When we measured the level of cAMP in the DRGs as another marker of regenerative capacity (Fig. 5I ) , the average cAMP level in the DRGs without previous SNI was 142.6 Ϯ 24.3 pg/ml. The cAMP level was increased by more than four times at 7 d after SNI. Notably, minocycline infusion for 7 d after SNI significantly decreased the cAMP level.
We also studied the effects of minocycline on conditioning effects of SNI in vivo. The sciatic nerve was transected, and either minocycline or PBS was infused onto the ipsilateral L5 DRG for 7 d. Then, the dorsal spinal cord was hemisected at the T7 level, and sensory axon regeneration was examined 1 month later. Without preconditioning SNI, injured axons retracted a few hundred micrometers away from the caudal end of the injury site (as determined by GFAP staining; Fig. 6A-C) . Preconditioning SNI at 7 d before the spinal cord hemisection completely prevented the axon retraction and promoted axonal growth beyond the caudal injury border (SNI ϩ PBS; Fig. 6D-F ) . Minocycline infusion abrogated the axonal growth beyond the caudal injury border ( Fig. 6G-I ). In the minocycline infusion group (SNI ϩ mino), CTB-traced sensory axons seemed to end very close to the caudal injury border, indicating that axon retraction was prevented by SNI even after the minocycline infusion. The length of the longest axon (359.5 Ϯ 15.5) was significantly larger in the SNI ϩ PBS group than in the control or SNI ϩ mino groups (Fig.  6J ). Counting axon numbers at different distances showed more axons at all distances in SNI ϩ PBS than in the other groups (Fig.  6K ) . Axon numbers in the SNI ϩ mino group were also apparently higher than those in the injury-only group from caudal regions (Ϫ300, Ϫ200, Ϫ100 m) up to the epicenter (0 m). Repeated-measures two-way ANOVA revealed a significant difference in CTB-traced axon number across the different distances between the groups ( p Ͻ 0.001).
To rule out the possibility that minocycline directly influences axonal growth, DRG neurons were cultured with minocycline at various concentrations for 24 h (a sufficiently long culture period to observe growth of unconditioned DRG neurons). Minocycline did not reduce the neurite outgrowth even at 12.5 M (the highest concentration that could be used without cytotoxicity; Fig. 7) .
Macrophages may play a role in maintaining enhanced regenerative capacity
To investigate whether macrophages are required for the initiation of conditioning effects, minocycline was infused for 1 or 3 d after preconditioning SNI instead of 7 d, and the extent of neurite outgrowth was compared with that in animals with PBS infusion for the same duration. Without preconditioning SNI, DRG neurons cultured for 15 h exhibited very little amount of neurite outgrowth (Fig. 8A) . In cultures of DRG neurons isolated at 1 d after SNI with PBS infusion (Fig. 8B) , a small percentage of neurons showed elongated neurites. A similar extent of neurite outgrowth was still observed with minocycline infusion for 1 d (Fig.  8C,G) , indicating that macrophages are not required for the initial manifestation of conditioning effects. Preconditioning SNI 3 d before dissociation greatly enhanced neurite outgrowth from most of the cultured neurons, and the extent of neurite outgrowth per neuron was almost comparable with that of DRG neurons cultured at 7 d after SNI (Fig. 8 D, F ) . Minocycline infusion for the 3 d duration almost completely abrogated neurite outgrowth (Fig. 8 E, G) . This result suggests that, although macrophages are not required for the initiation, they may play an essential role in the full manifestation of conditioning effects. Because the increase in macrophage number persisted up to 1 month (Fig. 1G) , we hypothesized that macrophages may play a role in maintaining enhanced growth capacity for a long period (Ylera et al., 2009) . To directly address this, we performed experiments in which minocycline osmotic minipumps were installed on day 21, and DRGs were dissected on day 28 (a 7 d minocycline treatment; Fig. 8H ). In the absence of minocycline, enhanced regenerative capacity was maintained until day 28 at a level comparable with that of DRG neurons cultured at 7 d after SNI (Fig.  8 I, J ) . Minocycline treatment begun at 21 d after SNI, when in- trinsic regenerative capacity is supposed to be fully elevated, almost completely abolished the SNI-induced enhanced regenerative capacity (Fig. 8K,L) . The above data suggest that the maintenance of enhanced regenerative capacity for a long period may require macrophages and inflammatory reactions.
Intraganglionic cAMP analog administration increased the number of macrophages in the DRGs
It has been documented that intraganglionic elevation of cAMP mimics a conditioning injury by enhancing the intrinsic potential of axons to regenerate (Neumann et al., 2002; Qiu et al., 2002) . We explored the possibility that activated macrophages may also be involved in the cAMP-induced enhancement of regenerative capacity by injecting the cAMP analog db-cAMP directly into the L5 DRG. The number of Iba1-positive macrophages was counted at 7 d after injection. To our surprise, injection of db-cAMP increased the number of macrophages to an extent similar to that observed after preconditioning SNI (Fig. 9B-D) , whereas injection of PBS did not change the macrophage number ( Fig. 9A ; compared with the number in Fig. 1G ). To test whether macrophages play an essential role in the cAMP-induced conditioning effects, minocycline or PBS was infused via osmotic minipumps for 7 d after the db-cAMP injection into the L5 DRGs. In accordance with the previous reports (Neumann et al., 2002; Qiu et al., 2002) , L5 DRGs injected with db-cAMP showed enhanced neurite outgrowth comparable with that observed with preconditioning SNI (Fig. 9E-G) . Minocycline infusion after db-cAMP injection completely abolished the enhanced neurite outgrowth by db-cAMP (Fig. 9 H, I ), suggesting that macrophage activation is essential for the cAMPinduced increase in regenerative capacity.
Neuron-macrophage interactions are required for the cAMP induction of a proregenerative phenotype in macrophages Activated macrophages produce soluble factors that potentiate neurite outgrowth of cultured neurons (Yin et al., 2003) . In agreement with this, DRG neurons showed markedly enhanced neurite outgrowth when exposed to CM obtained from cultured peritoneal macrophages treated with zymosan ( Fig. 10 A, B) . Cotreatment of macrophages with zymosan and minocycline produced CM with almost completely abrogated growth-promoting effects (Fig. 10C) , corroborating our contention that minocycline inhibits axon growth by modulation of macrophages and not by directly influencing axons. We next examined whether cAMP can instruct cultured macrophages to release proregenerative factors into culture media. CM from db-cAMP-treated macrophages elicited little enhancement of neurite outgrowth (Fig. 10 D, E) . The extent of increase in neurite outgrowth was negligible compared with the robust increase induced by CM from zymosantreated macrophages (Fig. 10J ) , indicating that cAMP does not directly activate macrophages to produce proregenerative factors. This result may indicate that cAMP primarily acts on neurons rather than macrophages and that neurons exposed to cAMP play a role in driving macrophages to a proregenerative phenotype. To evaluate the possibility that neuron-macrophage interactions are involved in the growth-promotion effects, CM Fig. 5B ) is shown for comparison (F ). A dotted red line indicates the average neurite outgrowth value in animals at 7 d after preconditioning SNI with PBS that were generated for the experiments in Figure 5A -C. G, A quantification graph of the mean neurite outgrowth per neuron in each group. ***p Ͻ 0.001 by one-way ANOVA, followed by Tukey's post hoc analysis. n ϭ 3 independent experiments for each group. H, A time schedule for the delayed minocycline infusion experiment. from neuron-macrophage cocultures treated with db-cAMP was added to fresh DRG neuron cultures. In stark contrast to the lack of proregenerative effects of CM from db-cAMP-treated macrophage-only cultures, CM obtained from db-cAMP-treated neuron-macrophage cocultures increased neurite outgrowth (Fig. 10G) to an extent similar to the increase induced by CM from zymosan-treated macrophages (Fig. 10J ). This effect was again abrogated by adding minocycline (Fig. 10H ) , suggesting that the final effectors in this setting were activated macrophages. CM from neuron-macrophage cocultures without db-cAMP did not show any effect (Fig. 10F ) . We found that SNI-induced macrophages physically associate with DRG neurons, and the close proximity between the two cell types was prevented by minocycline infusion (Fig. 4A-C, insets) . To examine whether the proregenerative activity in the CM obtained from db-cAMP-treated neuron-macrophage cocultures requires direct physical contacts between the two cell types, macrophages were grown on cell culture inserts, whereas neurons were cultured on the bottom of the same culture wells. The CM obtained from the cocultures with cell culture inserts promoted neurite outgrowth to a similar extent (data not shown), indicating that the neuron-macrophage interactions can be mediated by soluble factors without physical contacts between neurons and macrophages. There was no proregenerative effect of CM from db-cAMP-treated neuron-only cultures (Fig. 10I ) , further highlighting the requirement of neuron-macrophage interactions for cAMP to induce a proregenerative phenotype in macrophages.
The above experiment showed that CM obtained from cAMPtreated neuron-macrophage cocultures possessed potent proregenerative activity. To examine which molecules constitute proregenerative activity in the CM, neutralizing antibodies against neuropoietic cytokines (IL-6 and LIF) and oncomodulin were added to the CM during neurite outgrowth assays. Neutralization of either IL-6 or LIF did not significantly reduce the extent of neurite outgrowth (Fig. 11A-F ) . In contrast, oncomodulin neutralizing antibody profoundly reduced neurite outgrowth (almost 80%) (Fig. 11G-I ). In accordance with this result, ELISA measurement revealed a sharp increase in oncomodulin concentration in the CM obtained from the cocultures treated with cAMP compared with that in the CM from the cocultures treated with control PBS. The concentration of oncomodulin in the CM from cAMP-treated cocultures was comparable with that in the CM obtained from macrophage culture treated with zymosan, the condition that was reported to induce oncomodulin production (Yin et al., 2006) . These results indicate that oncomodulin may be a major proregenerative factor in the CM obtained from cAMP-treated neuron-macrophage cocultures. (Fig. 1G ). ***p Ͻ 0.001 compared with PBS control value by one-way ANOVA, followed by Tukey's post hoc analysis. E-H, Representative images of DRG neurite outgrowth assays. L5 DRGs were obtained from animals without any manipulation [control (CTL); E], with preconditioning SNI 7 d earlier (F), or with db-cAMP injection to the L5 DRGs together with infusion of PBS (G) or minocycline (mino; H). Scale bars, 100 m. I, A quantification graph of the mean neurite length of cultured DRG neurons in the designated experimental groups. n ϭ 3 independent cultures from three separate animals for each group. ***p Ͻ 0.001 by one-way ANOVA, followed by Tukey's post hoc analysis.
Discussion
The present study used a pharmacological approach to locally deactivate macrophages in the DRGs. The local minocycline infusion on L5 DRGs did not influence the density of Iba1-positive macrophages in the sciatic nerve or spinal cord lesion site (Fig.   4 E, F ) , changes that could have affected the outcome of axon regeneration (Barrette et al., 2008; Horn et al., 2008; Gensel et al., 2009 Gensel et al., , 2012 . In particular, excessive inflammation at the injury site is considered as a main culprit for secondary tissue degeneration after contusive SCI (Donnelly and Popovich, 2008) . Recent studies also revealed that activated macrophages near injured axons induce long-distance axonal dieback (Horn et al., 2008) . Indeed, containing inflammation at the lesion site by minocycline, along with its neuroprotective properties, was effective in Figure 10 . Neuron-macrophage interactions are required for the cAMP induction of proregenerativephenotypeinmacrophages.A-I,Representativeimagesof␤III-tubulin-positiveculturedDRG neuronsusingCMcollectedaftervarioustreatments.Peritonealmacrophages(designatedasM)were treated with PBS (A), zymosan (zym, at 1.25 mg/ml) with (C) or without (B) minocycline (mino, 10 g/l), and db-cAMP (cAMP, 100 M) with (E) or without (D) minocycline. Neuron (adult DRG neurons) and peritoneal macrophage cocultures (designated as M ϩ N) were treated with PBS (F)or cAMP with (H) or without (G) minocycline. Adult DRG neuron-only cultures (designated as N) were treatedwithcAMP(I).Alltreatmentsweredonefor24h,thentheculturemediumwaschanged,and the CM was collected 3 d later. The collected CM was added to the DRG neuron cultures, and the cells were fixed at 15 h after plating. Scale bars, 100 m. J, A quantification graph of the mean neurite outgrowth per neuron in different groups with different conditions of CM added to the cultures consisting of macrophages only, macrophage plus neurons, or neurons only. ***p Ͻ 0.001 by one-way ANOVA, followed by Tukey's post hoc analysis. n ϭ 3 or 4 independent cultures for each condition. Figure 11 . Neutralization of oncomodulin attenuated the cAMP-mediated proregenerative activity of CM. Representative images of ␤III-tubulin-positive cultured DRG neurons treated with CM obtained from neuron-macrophage coculture. During the DRG neuron culture, neutralizing antibodies or species-matched control IgG from the same species as for the neutralizing antibodies were added to the CM. All CM were collected 3 d after replacing the medium at the end of the 24 h treatment with cAMP. A, B, Goat IgG and goat anti-IL-6. D, E, Goat IgG and goat anti-LIF. G, H, Rabbit IgG and rabbit anti-oncomodulin (OCM). All neutralizing and control IgGs were presented at a concentration of 20 g/ml. Cultured DRG neurons were fixed at 15 h after plating. Scale bars, 100 m. C, F, I, Quantification graphs for the experiments with neutralization of IL-6 (C), LIF (F), and oncomodulin (I). Only neutralization of oncomodulin resulted in a significant reduction of neurite outgrowth. n ϭ 3 or 4 independent cultures for each condition. J, ELISA measurement of oncomodulin concentration in the CM obtained from different conditions. n ϭ 3 independent cultures for each condition. **p Ͻ 0.05 and ***p Ͻ 0.001 by unpaired t test.
preventing secondary degeneration and promoting functional recovery (Stirling et al., 2004; Teng et al., 2004) . A recent study reported promising results of a phase II clinical trial of minocycline for acute SCI (Casha et al., 2012) . Our results showed that activation of macrophages and inflammatory reactions near neuronal cell bodies can be beneficial to enhancing regenerative capacity and that reducing inflammation at the cell body level may produce outcomes completely opposite to those intended when manipulating inflammation at the injury site. Therefore, we propose that potentially detrimental effects of reducing inflammation on axon regeneration must be considered when designing systemic anti-inflammatory therapeutics for SCI.
Previous studies have shown that provoking inflammation exogenously in DRGs can enhance axon regeneration. For example, Lu and Richardson (1991) reported that injection of bacterial products in DRGs induced a brisk inflammatory response and enhanced regeneration through injured dorsal root. In this study, we demonstrated for the first time that endogenously activated macrophages play essential roles in the enhancement of regenerative capacity induced by conditioning injury. Minocycline administration decreased macrophage numbers and lowered expression of inflammatory mediators and completely abolished SNI-induced conditioning effects in vitro and significantly attenuated them in vivo. Notably, preconditioning SNI-induced prevention of axon retraction was not significantly influenced by minocycline, whereas axon regeneration past the lesion site was effectively blocked. This is in agreement with the suggestion that the requirements to promote axon regeneration past the lesion site and to overcome axonal dieback may differ (Horn et al., 2008) .
We observed a gradual increase in macrophage number over several days after SNI, with a peak at 7 d. Enhanced neurite outgrowth was observed at 1 d after preconditioning SNI, when the number of macrophages was not increased yet. Previous studies also reported that proregenerative responses by SNI develop as early as 1 d after injury (Qiu et al., 2002; Zou et al., 2009) . Our observation that minocycline infusion for 1 d did not prevent the enhanced neurite outgrowth is consistent with a notion that retrograde injury signals trigger regenerative neurite outgrowth induced by conditioning injury (Hanz et al., 2003) . The almost complete abrogation of the SNI-induced enhanced neurite outgrowth by minocycline for the 3 d duration indicates that macrophages may be required for the evolution of the injurytriggered conditioning effects to a full manifestation. At this 3 d time point, neurite outgrowth was almost fully enhanced, whereas the increase in macrophage number was still modest. We speculate that even the modest degree of macrophage activation may be sufficient to almost fully elevate growth potential of DRG neurons recently primed by conditioning injury. More importantly, our data suggest that macrophages seem to be essential for maintaining the SNI-induced enhanced regenerative capacity chronically because deactivation of macrophages by minocycline infusion after the full manifestation of conditioning effects almost completely abrogated the neurite outgrowth. Thus, the increases in macrophage number persisting for at least 1 month may be a part of the mechanism underlying the enhanced regenerative potential of chronically preconditioned DRG neurons (Ylera et al., 2009 ).
We also found that an injury to the central branch (rhizotomy) was not associated with an increase in macrophage number. A lack of macrophage activation by central axotomy might lead to a failure in the maintenance of long-lasting regenerative processes. It has been reported that central axotomy can transiently upregulate regeneration-associated genes if axons are severed close to the cell body (Fernandes et al., 1999) . Deficient macrophage activation near the cell body after central axotomy might have resulted in the failure of prolonged activation of the regeneration program in this circumstance. Therefore, a lack of macrophage activation in CNS neurons could contribute in part to a failure of CNS axon regeneration. However, activation of macrophages does not seem to be sufficient to promote significant CNS axon regeneration. Chemically induced macrophage activation near neuronal cell bodies failed to induce robust axon growth of injured (root crush) sensory axons past the dorsal root entry zone (Steinmetz et al., 2005) or did not promote regeneration of the corticospinal tract after cervical axotomy (HossainIbrahim et al., 2006) . The finding that macrophage activation only when combined with local application of chondroitinase achieved significant regeneration (Steinmetz et al., 2005) suggests that the extent of enhancement in regenerative capacity by activation of macrophages may not be sufficient to overcome hostile local environment. A schematic diagram of our model for the neuron-macrophage interactions in conditioning injury-induced enhanced regenerative capacity of DRG sensory neurons. A, A simplified illustration of the major players in a resting state. B, Preconditioning peripheral nerve injury or cAMP injection, either of which supports activation of regeneration-associated genes, stimulates neurons to produce molecules to attract and activate macrophages. C, Activated macrophages produce various molecular factors that enhance regenerative capacity of DRG neurons. Our in vitro experiments suggest that oncomodulin may constitute the major proregenerative activity derived from macrophages, but the possibility remains that more molecules, such as neurotrophic factors, are also involved.
